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Based on an independent forward model in ﬂuorescent tomography, a parallel reconstructed scheme for inhomogeneous medi-
ums with unknown absorption property is proposed in this paper. The method considers the two diﬀusion equations as separately
describing the propagation of excited light in tissues with and without ﬂuorescent probes inside. Then the concentration of ﬂu-
orophores is obtained directly through the diﬀerence between two estimations of absorption coeﬃcient which can be parallel
inversed. In this way, the multiparameter estimation problem in ﬂuorescent tomography is transformed into two independent
single-coeﬃcient determined schemes of diﬀusion optical tomography (DOT). Any algorithms proved to be eﬃcient and eﬀective
in DOT can be directly applied here. In this study the absorption property is estimated from the independent diﬀusion equations
by a gradient-based optimization method with ﬁnite element method (FEM) solving the forward model. Simulation results of
three representative occasions show that the reconstructed method can well estimate ﬂuorescent property and tissue absorption
distribution.
Copyright © 2006 Xiaolei Song et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1. INTRODUCTION
The mighty advance in biocompatible, speciﬁc ﬂuorescent
probes,combiningwithprogressinphotonictechnologyand
methodology of modeling photon propagation, greatly pro-
moted the development of ﬂuorescence tomography in re-
centyears.Bytransportingthewaysgeneexpressionandpro-
teinfunctionvisualizedinvivo,ﬂuorescencetomographybe-
comes a promising means for molecularly based noninvasive
imaging of biological tissues [1, 2].
Always ﬂuorescent beacons emitting in the near infrared
(NIR)bandwidtharepreferred,sincein thisspectralwindow
hemoglobin and water absorb minimally so as to allow pho-
tons to penetrate for several centimeters in tissues. In con-
tinuous wave (CW) mode, the following coupled diﬀusion
equations are always employed to describe the propagation
of both excitation and ﬂuorescent emission light in diﬀusive
medium [3–5]:
￿Dx(r)
￿Φx(r)
￿

μax(r)+μaf(r)

Φx(r) =
￿Θsδ

r
￿rsk

,
(1a)
￿Dm(r)
￿Φm(r)
￿μam(r)Φm(r) =
￿Φx(r)ημaf(r), (1b)
where Φx,m is the photon density for excitation (subscript x)
or ﬂuorescent light (subscript m), Dx,m(r) is the diﬀusion co-
eﬃcient, and μax,m(r) is the absorption coeﬃcient of the tis-
sue. The absorption of excite light due to ﬂuorophores is de-
scribed as μaf(r) and the ﬂuorescent yield ημaf(r) is the re-
quired ﬂuorescence parameter. Based on this model, several
simulations with 3-dimensional and 2-dimensional geome-
trieshavebeendoneusinginversionapproachessuchasBorn
approximation employing Green’s function [6, 7], Newton’s
or Newton-type optimization methods [3, 4] and disturbed
method [8]. However, these studies only deal with recon-
struction of ﬂuorescence properties in homogeneous medi-
ums or under the assumption of known background opti-
cal properties. For inhomogeneous mediums with unknown
absorption property as in many practical cases, only A. B.
Milstein et al. reconstructed ﬂuorescent yield and lifetime as
well as optical properties in frequency mode using nonlinear
Bayesian method [5]. However, in their work the ﬂuorescent
propertiescouldonlybeestimatedfrom(1b)aftertheoptical
coeﬃcients are determined. As the two inversion parts must
be executed serially, the total reconstruction process is very
time consuming.2 International Journal of Biomedical Imaging
A recently developed model makes the two diﬀusion
equations independent and speeds up the forward model
execution [9]. Based on this model, we proposed a new
parallel reconstructed scheme for inhomogeneous mediums
with unknown absorption property. In this study the ab-
sorption property is separately inversed from the indepen-
dent diﬀusion equations by a gradient-based optimization
method with ﬁnite element method (FEM) solving the for-
ward model. Simulation results of three diﬀerent occasions
show that the reconstructed method can well estimate ﬂuo-
rophore concentration and tissue absorption distribution.
2. METHODOLOGY
2.1. Independentforwardmodel
It can be easily seen that the two equations in (1) are origi-
nally dependent. For example, in (1a) the ﬂuorescent probe
acts as an absorptive heterogeneity to excited light with ab-
sorption coeﬃcient μaf(r), which equals εxc(r). Here c(r)i s
the spatially varying ﬂuorophore concentration and εx is the
molar extinction coeﬃcient and is always assumed constant.
In the right items of (1b) the strength of ﬂuorescent source is
inﬂuenced by the excited photon ﬂux at that position, which
mainly depends on the incident excited light and tissue’s op-
tical property at the excitation wavelength. The ﬂuorophores
absorb the excited light and then emit ﬂuorescent light with
the probability of η, the quantum yield, which depends on
the type of ﬂuorophore and the chemical environment [5].
InCWmodethediﬀusivecoeﬃcientisalwaysconsidered
spatially invariant and known in advance as Dx,m.F o rﬂ u o -
rescent beacons whose excited and emission light are both
in the near infrared spectral window, the Stokes shift is rela-
tively small and the optical properties of the two wavelengths
are similar, such as in human breast tissue [10, 11]. Thus the
optical coeﬃcients for both wavelengths λx and λm can be
considered equal, such as in [5, 6], that is, Dx = Dm = D and
μax = μam = μa. Based on above assumptions, R. B. Schulz et
al. [9] proposed an independent forward model. Firstly they
rewrite (1)a s
￿D
￿Φx(r)
￿

μa(r)+εxc(r)

Φx(r) =
￿Θsδ

r
￿ rsk

,
(2a)
￿D
￿Φm(r)
￿μa(r)Φm(r) =
￿Φx(r)η
￿εxc(r). (2b)
Then (2a) is converted to the following form:
εxc(r)Φx(r) = Θsδ

r
￿ rsk

￿

￿
￿D
￿+μa(r)

Φx(r).
(3)
Substituting (3)i n( 2b) and dividing it by η yield

￿
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
Φx(r) = Θsδ

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
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
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(4b)
With respect to Φt = (1/η)Φm + Φx,( 4a)a n d( 4b) are in-
dependent and can be solved simultaneously. A parallel FEM
system was proposed in [9] which cuts down by one half the
time of original forward problem solving.
With F: Φx(r)|∂Ω DOT inversion μa(r)+εc(r)
No F: μa(r) DOT inversion 1
ηΦm(r)|∂Ω +Φx(r)|∂Ω
εc(r) Fluorophore concentration
P
a
r
a
l
l
e
l
e
x
e
c
u
t
i
o
n
Figure 1: The process of parallel inversion scheme. The two “F”
at the left are short for “ﬂuorophore.” The reconstruction of ﬂuo-
rescence tomography in heterogeneous medium is converted to two
parallel absorption coeﬃcient inversed problems in DOT.
2.2. Parallelinversionscheme
It can be easily found that the independent equations (4a)
and (4b) have totally the same form as the single diﬀusion
equation in diﬀuse optical tomography (DOT). The source
items on the right side of equation are both the same δ func-
tions and all the unknown properties are moved into the co-
eﬃcient positions of the partial diﬀerential equations. Thus,
for each equation, the estimation of unknown properties be-
comes a nonlinear reconstruction problem right as in DOT.
Equation (4) also has its physical signiﬁcance, although
educed through pure mathematic transform. Firstly (4a)d e -
scribes the propagation of excitation light with the absorp-
tion ofboth tissueitself andtheinside ﬂuorophores.Thenlet
us focus on (4b). The quantum yield, η,i sa l w a y sd e ﬁ n e da s
a ratio between emitting ﬂuorescence photon numbers and
the number of excitation photons absorbed by ﬂuorophore.
Therefore, the item (1/η)Φm(r)c a nb et r e a t e da sc o m p e n -
sating the excitation photon density absorbed by ﬂuorescent
beacons and Φt shows the total excitation photon ﬂux to-
gether with the ﬂuorophore absorbed part. Thus, (4b)d e -
scribes the transportation of excitation light in tissue with
assumed no ﬂuorochrome inside, providing a referenced ab-
sorption situation of only the tissue originating absorption
μa(r) without ﬂuorescent beacon administration.
Basedonaboveanalysis,(4a)and(4b)providetwodiﬀer-
ent absorption situations of excitation wavelength with con-
trastcausedbyﬂuorescentbeacon’sabsorptionεxc(r).Know-
ing that (4a)a n d( 4b) have entirely the same form as absorp-
tion parameter inversed problems in DOT, we can parallel
reconstruct μa(r)+εc(r)a n dμa(r) from the boundary mea-
surement of excited light and ﬂuorescent light according to
thetwoindependentdiﬀusionequations.Thentheircontrast
caused by ﬂuorophore εxc(r), which is proportional to the
concentration of ﬂuorescent probes, can be directly obtained
by the diﬀerence of two absorption images. Figure 1 shows
the process of the parallel reconstruction scheme.
So the parallel scheme converts the reconstruction of ﬂu-
orescentpropertyinheterogeneousmediumtotwoindepen-
dent absorption coeﬃcientinversion problemsin DOT. Both
the unknown tissue absorption property and ﬂuorophore
concentration are determined. In this way, the multiparam-
eter estimation problem in FODT is simpliﬁed to two sin-
gle coeﬃcient determined schemes of DOT. Any algorithmsXiaolei Song et al. 3
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Figure 2: (a) shows the ﬁnite-element mesh used in the simulation. In (b), X axis is the CG iteration number, Y axis is the value of lg(1+E),
representing the logarithm of objective function E.
proved to be eﬃcient and eﬀective in DOT can be directly
applied here. Additionally, the total reconstructed time is
the same as single DOT problem for which the two ab-
sorption property inversions can be performed at the same
time.
2.3. Gradient-basedoptimizationinversedmethod
To demonstrate the parallel reconstruction strategy, in this
work a gradient-based optimization inversion method is
used for the absorption coeﬃcient inversion with FEM solv-
ingtheforwardmodel[12,13].Consideringanexperimental
setting that includes S point excitation light sources located
at ξj
￿ ∂Ω (j = 1,...,S), and Mj measurement positions
σj,i
￿ ∂Ω (i = 1,...,Mj)f o re a c hs o u r c ej, the following
objective function can be deﬁned:
E =
1
2
S 
j=1
Mj 
i=1
	
Γj,i

me
￿

Γj,i

c

2
,( 5 )
where Γj,i represents the photon intensity measured at po-
sition σj,i with the incident excitation source located at ξj.
The subscript c denotes the values calculated by the forward
simulation and me represents the experimental (or in this
case computer-simulated) values. By minimizing the objec-
tive function, we can handle an iteration computing and re-
construct the distribution of absorption coeﬃcient.
To solve the optimization problem using a conjugate gra-
dient (CG) method, the gradient of the objective function
needs to be calculated as follows:
￿E =
S 
j=1
Dj 
i=1
	
Γj,i

me
￿

Γj,i

c


￿

￿
∂

Γj,i

c
∂μa

. (6)
Therefore, the gradient vector

z can be presented as

z =
￿E =
￿JTb,( 7 )
whereJisanMTOT
￿NTOT Jacobian matrix, MTOT =

S
j=1Mj
is the total measurement number at the boundary, and NTOT
is the number of the coeﬃcients to be reconstructed. Here
b is the residual error between the boundary measurements
and computation values. Then J can be calculated by an ad-
joint source scheme based on the establishment of PMDF
(photon measurement density function, as deﬁned in [14]).
With the gradient calculated, the next step is to conduct
one-dimensional search in order to ﬁnd a best step length on
this gradient direction. Then, we refresh the absorption co-
eﬃcient and recalculate the gradient to form iteration com-
puting until the error reaches the supposed value.
3. SIMULATION AND RESULTS
In this section, a group of simulation tests is done to demon-
strateourparallelinversionscheme.Foreachreconstruction,
three kinds of ﬁgures are produced, they are (1) absorption
distribution due to both medium heterogeneity and extrin-
sic ﬂuorescent probes, that is, μa(r)+εc(r); (2) absorption
coeﬃcient distribution μa(r) of the heterogeneous medium
without ﬂuorophore; (3) εc(r) ,w h i c hi sj u s tt h em i n u sr e -
sult of the former two absorption coeﬃcient distributions,
representing the ﬂuorochrome concentration as ε is always
assumed to be constant.
In our simulation, the imaging area is a circle of 32mm
diameter with the Robin boundary condition Φ(ξ)+2 D
￿
An
￿Φ(ξ) = 0, ξ
￿ ∂Ω, applied [15]. For both the excitation
and emission wavelengths, the diﬀusion parameter of the
mediumisassumedconstantandknownasD = 1/3[μa+μ
￿
s],4 International Journal of Biomedical Imaging
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Figure 3:ImagesobtainedinthecasewhenFAandHAareapartfromeachother.(a)and(b)are,respectively,theindependentreconstructed
images of μa(r)+εc(r)a n dμa(r). (a) minus (b) educed (c), describing the concentration of ﬂuorochome. (d) constrains the negative values
in (c) to zero. The black circles represent the original exact locations and shapes of HA and FA. The original μa(r)i s0 .05mm
￿1 in the left
8mm-diameter circle centred at (
￿6,4) and is 0.025mm
￿1 in the rest. εc(r)i s0 .075mm
￿1 in the right 8mm-diameter circle centred at
(4,
￿6) and is zero in the rest.
with the reduced scattering coeﬃcient μ
￿
s = 2.0mm
￿1 and
the homogenous background absorption coeﬃcient μa =
0.025mm
￿1. The 32 excited sources and 32 detectors are po-
sitioned alternately around the circle with equal intervals be-
tween each other. As the sources are collimated beams, they
are represented by isotropic point sources located at one dif-
fusion length of 1/μ
￿
s below the border [15].
The forward model was solved by the FEMLAB2.1
(COMSOL Inc., Burlington, MA 01803, USA, a FEM solu-
tion in MATLAB (The Math Works, Inc.)), and all the codes
are programmed in MATLAB6.0. The ﬁnite-element mesh
for reconstruction consists of 544 nodes and 966 triangle el-
ements (Figure 2(a)). The ﬁnal estimated images reported in
the paper are all of 25CG iterations as the objective function
descends very slowly when the iterative time is more than 25
(Figure 2(b)).
The simulated boundary measurement data Φx(ξ)a n d
Φm(ξ) were generated separately from the forward model of
(4a)a n d( 4b) with exact distributions of μa(r)a n dεc(r). Ac-
cording to diﬀerent positions of the ﬂuorochrome with re-
spect to original absorption heterogeneity of tissue, we re-
constructed the following three kinds of occasions in noise-
free environment. (Here we abbreviate the original absorp-
tion heterogeneity as HA and absorption due to ﬂuorescent
probesasFA),thatis,1.HAandFAareapartfromeachother;
2.HA and FA intersect; 3.FA is within HA. We will present
these results one by one.
Figures 3, 4, 5 separately show the reconstructed images
produced by the parallel scheme, in which (a) and (b) are
the reconstructed distributions of μa(r)+εc(r)a n dμa(r),
respectively. And (a) minus (b) results in (c), describing
the concentration of ﬂuorochome. Due to the diﬀerences inXiaolei Song et al. 5
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Figure 4:ImagesreconstructedwhenFAandHAintersect.(a)and(b)are,respectively,theindependentreconstructedimagesofμa(r)+εc(r)
and μa(r). (a) minus (b) educed (c), describing the concentration of ﬂuorochome. (d) constrained the negative values in (c) to zero. The
black circles represent the original exact locations and shapes of HA and FA. The original μa(r)i s0 .05mm
￿1 in the lower 8mm-diameter
circle centred at (6,
￿2) and is 0.025mm
￿1 in the rest. εc(r)i s0 .05mm
￿1 in the upper 8mm-diameter circle centred at (6,2) and is zero in
the rest. Thus, the total absorption in the overlapped part is 0.10mm
￿1 in (a).
reconstructed qualities of the two dependent inverse prob-
lems, the minus result (c) will have values less than zero.
However it is known that the concentration should not be
negative in practice. So that these negative values are con-
strained to zero in our simulation. The modiﬁed results with
nonnegative restriction in (d) show less background noise
and better reconstructed qualities compared with the uncon-
strained ones of (c) in each ﬁgure.
4. DISCUSSION AND CONCLUSIONS
In last section, through the parallel inversion scheme, we re-
constructed the three diﬀerent relative distributions of tissue
absorption heterogeneity and ﬂuorophore in 2-dimensional
geometry, combined with a nonnegative restriction. Distri-
butions of ﬂuorophore concentration as well as the absorp-
tion properties of tissue is obtained, by treating ﬂuorescent
tomography in inhomogeneous tissues as two independent
nonlinear estimations in DOT. Although reconstruction of
ﬂuorophore concentration is a linear problem when the op-
tical properties are known in advance, the parallel method
hasitssuperiorities.Firstlythetwononlinearestimationscan
be executed synchronously, so the total reconstruction time
keeps the same as single absorption inversion in DOT. Then,
anyreconstructionalgorithmswhicharealreadyprovedtobe
eﬀective and eﬃcient in DOT can be directly applied here. In
thispaperabasicCGmethodisemployedforthereconstruc-
tion of absorption coeﬃcient with noise-free data. However,
for noisy data, the spatial resolution and the ability to solve
deep located heterogeneities are very limited with only the6 International Journal of Biomedical Imaging
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Figure 5: Images inversed when FA and HA intersect. (a) and (b) are, respectively, the independent reconstructed images of μa(r)+εc(r)and
μa(r). (a) minus (b) educed (c), describing the concentration of ﬂuorochome. (d) constrained the negative values in (c) to zero. The black
circles represent the original exact locations and shapes of HA and FA. The original μa(r)i s0 .05mm
￿1 in the bigger 12mm-diameter circle
centred at (4,0) and is 0.025mm
￿1 in the rest. εc(r)i s0 .05mm
￿1 in the inside 5mm-diameter circle centred at (6,0) and is zero in the rest.
basic CG method [13]. Other strategies can be added to im-
prove the reconstructed image quality such as the spatial
l o c a t e dw e i g h t e dm e t h o d[ 13] and adaptive ﬁnite element
technology [16]. Additionally, it does not require measure-
mentsofexcitationlightbeforeﬂuorochromeadministration
forestimatingtheabsorptionpropertyoftissue,as Φt in(4b)
could provide an absolute photon-ﬁeld measurement.
In the independent model and the parellel reconstruci-
ton method, a constant quantum yield is a basic assumption
of quantitative ﬂuorescence imaging as in [5, 17]. In fact,
it might be questionable in biological environments. How-
ever, newly developed emitters like quantum dots which are
embedded in an isolator are independent of the environ-
ment [18]. Therefore, it oﬀers a practical and relative simple
method to determine ﬂuorescent concentration in hetero-
geneous medium and tissues, as Φt can be easily combined
from boundary measurements Φx, Φm using the optics ﬁlter.
ACKNOWLEDGMENTS
This work is supported in part by the National Natural Sci-
ence Foundation of China, the Tsinghua-Yue-Yuen Medical
Science Foundation, the National Basic Research Program of
China, and the Special Research Fund for the Doctoral Pro-
gram of Higher Education of China.
REFERENCES
[1] V. Ntziachristos, J. Ripoll, L. V. Wang, and R. Weissleder,
“Looking and listening to light: the evolution of whole-body
photonic imaging,” Nature Biotechnology,v o l .2 3 ,n o .3 ,p p .
313–320, 2005.
[2] V. Ntziachristos, C. Bremer, and R. Weissleder, “Fluorescence
imaging with near-infrared light: new technological advances
that enable in vivo molecular imaging,” European Radiology,
vol. 13, no. 1, pp. 195–208, 2003.Xiaolei Song et al. 7
[3] H. Jiang, “Frequency-domain ﬂuorescent diﬀusion tomogra-
phy: a ﬁnite-element-based algorithm and simulations,” Ap-
plied Optics, vol. 37, no. 22, pp. 5337–5343, 1998.
[ 4 ]D .Y .P a i t h a n k a r ,A .U .C h e n ,B .W .P o g u e ,M .S .P a t t e r s o n ,
and E. M. Sevick-Muraca, “Imaging of ﬂuorescent yield and
lifetime from multiply scattered light reemitted from random
media,” Applied Optics, vol. 36, no. 10, pp. 2260–2272, 1997.
[5] A. B. Milstein, S. Oh, K. J. Webb, et al., “Fluorescence opti-
cal diﬀusion tomography,” Applied Optics, vol. 42, no. 16, pp.
3081–3094, 2003.
[6] M.A.O’Leary,D.A.Boas,X.D.Li,B.Chance,andA.G.Yodh,
“Fluorescence lifetime imaging in turbid media,” Optics Let-
ters, vol. 21, no. 2, pp. 158–160, 1996.
[7] V. Ntziachristos and R. Weissleder, “Experimental three-
dimensional ﬂuorescence reconstruction of diﬀuse media by
use of a normalized Born approximation,” Optics Letters,
vol. 26, no. 12, pp. 893–895, 2001.
[8] E. L. Hull, M. G. Nichols, and T. H. Foster, “Localization of
luminescent inhomogeneities in turbid media with spatially
resolvedmeasurementsofcwdiﬀuseluminescenceemittance,”
Applied Optics, vol. 37, no. 13, pp. 2755–2765, 1998.
[9] R.B.Schulz,J.Peter,W.Semmler,andW.Bangerth,“Indepen-
dent modeling of ﬂuorescence excitation and emission with
the ﬁnite element method,” in Proceedings of OSA Biomedical
Topical Meetings, Miami, Fla, USA, April 2004.
[10] M.J.Eppstein,F.Fedele,J.Laible,C.Zhang,A.Godavarty,and
E. M. Sevick-Muraca, “A comparison of exact and approxi-
mate adjoint sensitivities in ﬂuorescence tomography,” IEEE
Transactions on Medical Imaging, vol. 22, no. 10, pp. 1215–
1223, 2003.
[11] B. J. Tromberg, O. Coquoz, J. B. Fishkin, et al., “Non-invasive
measurements of breast tissue optical properties using frequ-
ency-domain photon migration,” Philosophical Transactions of
theRoyalSocietyofLondonSeriesBBiologicalSciences,vol.352,
no. 1354, pp. 661–668, 1997.
[12] S. R. Arridge and M. Schweiger, “A gradient-based optimisa-
tion scheme for optical tomography,” Optics Express, vol. 2,
no. 6, pp. 213–226, 1998.
[13] J. Zhou, J. Bai, and P. He, “Spatial location weighted opti-
mization scheme for DC optical tomography,” Optics Express,
vol. 11, no. 2, pp. 141–150, 2003.
[14] S. R. Arridge and M. Schweiger, “Photon-measurement den-
sity functions. Part 2: ﬁnite-element-method calculations,”
Applied Optics, vol. 34, no. 34, pp. 8026–8037, 1995.
[15] M.Schweiger,S.R.Arridge,M.Hiraoka,andD.T.Delpy,“The
ﬁnite element method for the propagation of light in scatter-
ing media: boundary and source conditions,” Medical Physics,
vol. 22, no. 11, pp. 1779–1792, 1995.
[16] A. Joshi, W. Bangerth, and E. M. Sevick-Muraca, “Adaptive ﬁ-
nite element based tomography for ﬂuorescence optical imag-
ing in tissue,” Optics Express, vol. 12, no. 22, pp. 5402–5417,
2004.
[17] E. E. Graves, J. Ripoll, R. Weissleder, and V. Ntziachristos, “A
submillimeter resolution ﬂuorescence molecular imaging sys-
tem for small animal imaging,” Medical Physics, vol. 30, no. 5,
pp. 901–911, 2003.
[18] J. K. Jaiswal, H. Mattoussi, J. M. Mauro, and S. M. Simon,
“Long-term multiple color imaging of live cells using quan-
tum dot bioconjugates,” Nature Biotechnology, vol. 21, no. 1,
pp. 47–51, 2003.
Xiaolei Song was born in 1982 in Mizhi,
Shaanxi, China. She earned the B.S. degree
from the Department of Biomedical Engi-
neering in Xi’an Jiaotong University, Xi’an,
Shaanxi, China in 2003. Then she was ac-
cepted as a Ph.D candidate by Department
of Biomedical Engineering, Tsinghua Uni-
versity, Beijing, China. Now she is in the
fourth year of her Ph.D studies. Her re-
search work is mainly focused on Fluores-
cence Molecular Tomography and Diﬀusion Optical Tomography,
especially the reconstruction.
Ji Yi was born in 1982 in Anxi, Quanzhou,
Fujian, China. He earned the B.S. in the
Department of Biomedical Engineering, Ts-
inghua University. Now he is a Ph.D can-
didate in Northwest University, Chicago,
USA.
Jing Bai obtained the M.S. and Ph.D. de-
grees from Drexel University, Philadelphia,
in 1983 and 1985. From 1985 to 1987 she
was a Research Associate and Assistant Pro-
fessor with the Biomedical Engineering and
Science Institute of Drexel University. In
1988, 1991, and 2000 she become an Asso-
ciateProfessor,Professor,andCheungKong
Chair Professor at Electrical Engineering
Department of Tsinghua University, Bei-
jing, China. Her research activities have included mathematical
modeling and simulation of cardiovascular system, optimization
of cardiac assist devices, medical ultrasound, telemedicine, home
health care network and home monitoring devices, and Infrared
imaging. She has published four books and over 100 journal pa-
pers. She is a Fellow of IEEE. From 1997, she becomes associate
editor for IEEE Trans on Information Technology in Biomedicine.